Human breast tumors contain a breast cancer stem cell (BCSC) population with properties reminiscent of normal stem cells. We found 37 microRNAs that were differentially expressed between human BCSCs and nontumorigenic cancer cells. 
INTRODUCTION
Cancers arise in tissues and organs that contain proliferating cells that regenerate old and damaged cells. Typically, these tissues are maintained by stem cells that have the ability to self-renew, a process by which the stem cells maintain the ability to undergo extensive proliferation while preserving the undifferentiated state. The stem cells also produce progeny that undergo a series of cell divisions in which they become progressively more differentiated before reaching maturation.
Like the tissues from which they arise, solid tumors are composed of a heterogeneous population of cells, and many properties of normal stem cells are shared by at least a subset of cancer cells (Lobo et al., 2007; Stingl and Caldas, 2007) . To maintain tissue homeostasis, normal stem cells must be able to undergo a large number of mitoses, and in many tissues they must be able to migrate to different regions of the organ. Both of these properties are reminiscent of two hallmark properties of cancer cells, immortality and invasion.
The fact that tumors contain heterogeneous populations of cells at various stages of maturation and that cancer cells share properties of normal stem cells led to the speculation that tumors may contain a cancer stem cell population that drives the growth of the tumor (Bruce and Gaag, 1963; Wu et al., 1968) . Genetic studies in leukemia patients demonstrated that a primitive leukemia cell can give rise to fully mature nonreplicating progeny, showing that not all cancer cells have the ability to form tumors (Fialkow, 1976a (Fialkow, , 1976b (Fialkow, , 1990 . With improvements in isolation of both normal and cancer stem cells, there is now a growing body of evidence that in at least some cases of both human and mouse leukemia, as well as human and mouse epithelial tumors such as breast, colon, head and neck, skin, and brain cancer, a cancer stem cell population can be enriched based on phenotype (Al-Hajj et al., 2003; Cho et al., 2008; Dalerba et al., 2007; Lapidot et al., 1994; Malanchi et al., 2008; O'Brien et al., 2007; Prince et al., 2007; Ricci-Vitiani et al., 2007; Singh et al., 2004) .
MicroRNAs (miRNAs) are small noncoding regulatory RNAs that regulate the translation of mRNAs by inhibiting ribosome function, decapping the 5 0 Cap structure, deadenylating the poly(A) tail, and degrading the target mRNA (Filipowicz et al., 2008) . miRNAs are able to regulate expression of hundreds of target mRNAs simultaneously, thus controlling a variety of cell functions including cell proliferation, stem cell maintenance, and differentiation. One of the best studied miRNAs, let-7 in Caenorhabditis elegans, was initially identified by genetic analysis of mutants with defects in developmental timing (Reinhart et al., 2000) . Subsequently, Dicer was identified as a key enzyme of miRNA processing and function; Dicer null mutations result in embryonic lethality and depletion of stem cells (Bernstein et al., 2003) . In addition, tissue-specific deletion of Dicer affects selfrenewal of embryonic stem cells, development of B lymphocyte lineage cells, and tissue morphogenesis Davis et al., 2008; Koralov et al., 2008) . In the skin, miR-203 is a critical regulator of stem cell maintenance (Yi et al., 2008) . Deletion of DGCR8, another key enzyme for miRNA processing, alters silencing of self-renewal genes in embryonic stem cells . These findings demonstrate that miRNAs are critical regulators of self-renewal and differentiation.
Many of the common chromosomal amplifications and deletions seen in cancer contain miRNA-coding sequences, and some miRNAs function as oncogenes or tumor suppressor genes (Calin et al., 2004; Esquela-Kerscher and Slack, 2006) . For example, dysregulation of the miR-17-92 cluster can induce B cell lymphoma and downregulation of let-7 is associated with tumor progression and poor prognosis of lung cancer patients Takamizawa et al., 2004) . Expression of let-7 also prevents tumor sphere formation of breast cancer cell lines and inhibits tumorigenicity in an in vivo xenograft tumor assay (Yu et al., 2007) . Finally, miRNA expression profiles are correlated with tumor stage, progression, and prognosis of cancer patients (Calin et al., 2005; Iorio et al., 2005) .
The ability to prospectively identify an enriched population of stem cells enables the interrogation of these cells for clues to the molecular regulators of key stem cell functions. In this report, we undertook a systematic comparison of the miRNAs in breast stem/progenitor cell populations and in their differentiated progeny, and this comparison led to the identification of new regulators shared between normal and cancer stem cells. Multiplex real-time PCR was used to measure the expression of 460 miRNAs in BCSCs and NTG cells isolated from three human breast tumors. We found that 37 miRNAs were upregulated or downregulated in BCSCs compared to NTG cells in all three samples analyzed ( Figure 1A ). The expression of these 37 differentially expressed miRNAs was then measured in a total of 11 sets of human BCSCs and NTG cells, and this analysis confirmed that these 37 miRNAs were indeed differentially expressed ( Figure 1B ). Three clusters of miRNAs, the miRNA-200c-141 cluster located on chromosome 12p13, the miR-200b-200a-429 cluster located on chromosome 1p36, and the miR-183-96-182 cluster located on chromosome 7q32, were consistently downregulated in human BCSCs ( Figures 1B and 1C (Al-Hajj et al., 2003; Mani et al., 2008) . Similarly, embryonic carcinoma cells are malignant cells that arise from germ cells, which share many properties with pluripotent stem cells. Thus, the expression of these miRNAs was tested in Tera-2 embryonal carcinoma cells. Notably, Tera-2 cells either fail to express detectable levels of each of the miRNAs, or the level of expression is just at the level of detection ( Figure S1 available on line). The miRNA seed sequence serves to direct the miRNA to its mRNA targets (Lewis et al., 2005) . Remarkably, the miR-200c-141 cluster and the miR-200b-200a-429 cluster are formed by two groups of miRNAs with essentially the same seed sequence (miR-200c/miR-200b/miR-429 miRNAs, and miR-200a/miR-141 miRNAs), which suggests that they might share some common target genes ( Figure 1C (Figure 2A) . We found that all three of the clustered miRNAs that were downregulated in human BCSCs were also downregulated in mouse MRU cells as compared to both MaCFCs and mature epithelial cells ( Figures 2B and S2 ).
RESULTS
An analysis of normal human breast epithelial cells isolated based both on CD44 and CD24 and on the markers recently described by Eaves and colleagues (Eirew et al., 2008) suggested that most of the 37 miRNAs are also differentially expressed by early human breast progenitors ( Figure S3 ). This supports the notion that the differential expression of these three miRNA clusters between BCSCs and NTG cells is a part of the normal mammary cell developmental pathways.
miR-200c Targets BMI1
Potential molecular targets of miR-200bc/429 were predicted by TargetScan 4.2 (http://www.targetscan.org/) (Lewis et al., 2005) . Among the potential targets, we focused on BMI1 because it possessed critically conserved nucleotides indicative of a legitimate target and is known to be essential in regulating selfrenewal and differentiation of other stem cell types, including hematopoietic, brain, and mammary stem cells (Molofsky et al., 2005; Park et al., 2003; Pietersen et al., 2008) .
The ability of miR-200c to regulate the 3 0 untranslated region (UTR) of BMI1 was evaluated via luciferase reporter assays. HEK293 cells, which did not express miR-200c and miR-429 and expressed barely detectable levels of miR-200b (data not shown), were used. The 3 0 UTR target sites of BMI1 were cloned into pGL3-Control vector, downstream of a luciferase minigene ( Figure 3A ). HEK293 cells were cotransfected with a pGL3 luciferase vector, pRL-TK Renilla luciferase vector, and miR-200c precursor RNA. We observed that the cotransfection of the miR-200c precursor suppressed the luciferase activity of the vector with the wild-type BMI1 3 0 UTR abrogated the repressive ability of the miRNA, demonstrating specificity of the target sequence for BMI1 ( Figures 3A and 3B ). The ability of miR200c to regulate the endogenous BMI1 protein was also tested. To do this, HEK293T cells were transfected with a miR-200c precursor and cells were cultured for 7 days. Western blotting showed that BMI1 protein expression was decreased in cells transfected by miR-200c ( Figure 3C ).
miR-200c Suppresses Cancer Cell Growth and Induces Differentiation
The observation that the same clusters of miRNAs were downregulated in normal mammary stem cells, tumorigenic CD44 +
CD24
-/low lineage À breast cancer cells, and embryonal carcinoma cells implies that these miRNAs are regulators of critical stem cell functions such as self-renewal and/or differentiation. In addition to suppressing the expression of BMI1, a gene critical for self-renewal in many types of stem cells, it has recently been shown that miR-200 family miRNAs prevent EMT (epithelial-to-mesenchymal transition) by suppressing expression of ZEB1 and ZEB2, two transcriptional repressors of E-cadherin (Christoffersen et al., 2007; Gregory et al., 2008; Park et al., 2008) . EMT is a stem cell property that has been linked to both normal and cancer stem cells Mani et al., 2008) . To determine how expression of these miRNAs affects cells, we infected Tera-2 embryonal carcinoma cells with lentivirus that expresses miR-200c. The morphology of Tera-2 cells infected with miR-200c lentiviruses suggested that they had differentiated ( Figure 4A ). Indeed, staining with antineuron-specific class IIIb tubulin (TUJ1) antibody showed that miR-200c-infected Tera-2 cells preferentially expressed the early postmitotic neuron marker, TUJ1 antigen, suggesting that the miRNAs had induced neural differentiation ( Figure 4B ). Flow cytometry analysis confirmed that 36% of miR-200c-expressing Tera-2 cells expressed TUJ1 protein 10 days after infection, as compared to 0.9% of Tera-2 cells infected with the control lentivirus ( Figure 4C ). We found that Tera-2 cells infected with the miR-200c lentivirus, but not the control lentivirus, showed growth retardation ( Figure 4D ). Preliminary experiments suggest that miR-200c might also inhibit tumor formation in vivo ( Figure S4 ).
miR-200c Suppresses Clonogenicity of BCSCs
MMTV-Wnt-1 murine breast tumors are composed of both luminal and myoepithelial cells and an expanded mammary stem cell pool (Cho et al., 2008) . We infected MMTV-Wnt-1 murine breast cancer cells with a miR-200c-expressing lentivirus. Colony formation by the miR-200c-infected cells was almost completely suppressed, reducing the number of colonies by 96% when compared to cells infected with the control lentivirus ( Figure 5A ). Flow cytometry can be used to isolate different populations of mammary cells that are enriched for stem cells, committed progenitor cells, or mature epithelial cells. When grown in tissue culture, the cell fraction that is enriched for normal mammary stem/progenitor cells (MRUs) or MMTV-Wnt-1 BCSCs formed colonies that are bi-phenotypic, expressing both the myoepithelial cell cytokeratin CK14 and the epithelial cell cytokeratin CK8/18 (data not shown). Colonies that arise from the mature epithelial cell-enriched population express either CK8/18 or CK19 but not CK14. Cultured myoepithelial-enriched cells express CK14 but not CK8/18 or CK19 (Cho et al., 2008; Stingl et al., 2006) . Breast cancer cells infected with the control virus formed large colonies and expressed CK14 and CK8/18, with an occasional cell that expressed CK19 ( Figure 5B ), whereas cells infected with the miR-200c-expressing virus formed only small aggregates of cells that showed low levels of CK14 ( Figure 5B ). To prove functional relevance of BMI1 regulation by miR-200c, we constructed a BMI1-expressing lentivirus in which the BMI1 cDNA does not contain the 3 0 UTR sequence that is targeted by miR-200c. Coexpression of this BMI1 transgene substantially rescued the defect in colony formation of breast cancer cells infected with the miR-200c lentivirus ( Figures 5C and  5D ). These results suggest that BMI1 is one of the key functional targets of miR-200c, at least with respect to the ability of miR-200c to suppress colony formation of breast cancer cells in vitro.
miR-200c Suppresses Normal Mammary Outgrowth In Vivo
The observation that the same clusters of miRNAs were downregulated both in normal mammary stem cells and in tumorigenic Overall, 8 out of 18 transplants with noninfected mammary cells showed formation of a mammary tree, and 11 out of 20 transplants using cells infected with a control lentivirus formed a GFP-positive mammary tree, suggesting that lentivirus infection was highly efficient and did not perturb engraftment of mammary cells ( Figure 6A ). Histological and immunohistochemical analysis of mammary trees infected with control lentivirus showed normal structure and differentiation of both luminal and myoepithelial lineage mammary cells ( Figure 6B ). By contrast, using the mammary cells infected with miR-200c-expressing lentivirus, only 1 GFP-positive mammary tree was formed out of 18 transplants, whereas 6 transplants formed an aberrant, disorganized structure with a small cluster of mammary cells ( Figures 6A and 6C ). Similar to the miR-200c-infected breast cancer cells, the engrafted miR-200c-expressing mammary cells exclusively expressed CK14 but not CK8/18 ( Figure 6C ), suggesting induction of myoepithelial cell differentiation by miR-200c.
miR-200c Suppresses Tumorigenicity of Human BCSCs
We previously found that in many patients' tumors, the CD44 However, neither study provided evidence for a functional link between the gene expression signature and adult stem cell biology, either normal or malignant (Ben-Porath et al., 2008; Wong et al., 2008) . The results reported here show that miR200c-141, miR-200b-200a-429, and miR-183-96-182 are downregulated in normal mammary stem cells, in human BCSCs, and in embryonal carcinoma cells and that miR-200c modulates expression of BMI1. In addition, our results provide a molecular explanation, at least in part, for the increased tumorigenicity displayed by the subpopulation of CD44 + CD24 À/low lineage À breast cancer cells in many patients' tumors (Al-Hajj et al., 2003; Mani et al., 2008) . The five downregulated miRNAs shared similar seed sequences and yet mapped to two clusters on different chromosomes. Although miRNAs that share seed sequences do not always have completely overlapping targets, one could speculate that there might be functional redundancy of these families of miRNAs to maintain stem cell homeostasis and prevent tumors, by ensuring that a single mutation does not perturb the regulation of their targets. The regulation of BMI1 by miR-200c is intriguing. Indeed, selfrenewal and proliferation of hematopoietic stem cells, normal mammary stem cells, and neural stem cells are defective in Bmi1 À/À mice (Molofsky et al., 2003; Park et al., 2003; Pietersen et al., 2008) . BMI1 is a member of the Polycomb-group proteins and is known to epigenetically repress the transcription of Hox genes and the p16 Ink4a p19 Arf locus. Bmi1 represses apoptotic, senescence, and differentiation pathways in stem cells . Our results suggest that these same pathways might also be modulated by miR-200c at least in part through BMI1. Although the stress of transplantation could accentuate these effects on survival in miR-200c-expressing stem cells, the observation that Bmi1 mutant mice clearly show a loss of adult blood stem cells independent of the stresses of transplantation suggests that miR-200c expression will affect stem cell functions in the absence of this stress . NOD/ SCID mice have functional natural killer (NK) cells that can modulate engraftment (Quintana et al., 2008) , and it is formally possible that miR-200c also regulates NK cell sensitivity. to partially rescue colony formation by the breast cancer cells expressing miR-200c in vitro. Mutations to downstream targets of Bmi1 such as TP53 can partially relieve stem cell dependence on Bmi1 for self-renewal (Akala et al., 2008; Park et al., 2003) . It is therefore possible that in a subset of breast cancer patients, miR-200c alone might become unable to inhibit self-renewal because of particular mutations in the cancer cells.
The difference between a self-renewing normal stem cell and a self-renewing cancer cell is that unlike normal stem cells in which the total number of stem cells in a tissue is highly regulated and expansion beyond the normal level is restricted by genetic programs (Morrison et al., 2002) , there is a continuous expansion of self-renewing cells in cancer, resulting in the development of a tumor. From these observations, one would predict that cancer stem cells likely share some elements of the self-renewal machinery present in normal stem cells. Indeed the miRNA profile described in this study shows remarkable similarities between BCSCs and normal mammary stem cells, and some of these miRNAs have been linked to cancer (Esquela-Kerscher and Slack, 2006) . Prediction programs such as Targetscan4.2 (Lewis et al., 2005) suggest that there are likely many genes other than BMI1 that are regulated by these differentially expressed miRNAs and are known to be functionally important for stem cells. The downregulation of let-7 miRNAs in human BCSCs was previously reported (Yu et al., 2007) . Only occasionally did we see differences in let-7 expression between BCSCs and nontumorigenic cancer cells in the 11 breast cancer patients that we screened. The discrepancies in let-7 expression between these two studies might be related to differences in tumor histology or the genetic background of the patient populations analyzed. Alternatively, loss of let-7 expression could have occurred when the cell line used by Yu et al. (2007) was derived (Daniel et al., 2009) . EMT is a widespread, developmental program that regulates cell migration in many tissues and organs and is associated with normal and malignant mammary stem cell function (Mani et al., 2008) . Recent studies have shown that expression of components of the EMT pathway including SNAI2 is highest in the CD44 + CD24 À/low lineage À breast cancer cells Mani et al., 2008) . Here we show that miR-200 family miRNAs were strongly suppressed in CD44 + CD24 À/low lineage À human breast cancer cells. The miR-200 family of miRNAs taragets multiple sites in the 3 0 UTRs of ZEB1 that serve as EMT inducers. Suppression of ZEB1 and ZEB2 upregulates expression of E-cadherin and inhibits EMT (Christoffersen et al., 2007; Gregory et al., 2008; Park et al., 2008) . Collectively these findings begin to paint a picture of the miR-200 family miRNAs as important regulators of multiple stem cell functions that control both EMT and self-renewal and/or proliferation in normal mammary stem cells and BCSCs.
We note that recently, the existence and relevance of the prospective isolation of cancer stem cells have been challenged (Kelly et al., 2007) . Our results, however, clearly show that the ability to prospectively isolate cancer cells that preferentially engraft immunodeficient mice can in fact uncover valuable information about cancer biology. Indeed, a gene signature established from BCSCs was strongly associated with patient prognosis . Whereas a previous miRNA expression screen of all the cells in a tumor failed to uncover the three clusters of miRNAs described here, prospective isolation of the proposed cancer stem cells resulted in the demonstration of differential expression of miRNAs and revealed that miR-200c, one of the downregulated miRNAs in the tumorigenic subset of human breast cancer cells, strongly suppresses the ability of normal stem cells to form mammary ducts and BCSCs to form tumors. Our results support the notion that pathways important for normal stem cells are also used by at least a subset of the cancer cells.
In summary, the findings in this paper provide a strong molecular link between normal breast stem/progenitor cells, the CD44 + CD24 À/low lineage À breast cancer cells, and embryonal carcinoma cells. The downregulation of miR-200 family miRNAs suggests that normal stem cells and BCSCs share common molecular mechanisms that regulate stem cell functions such as self-renewal, proliferation, and EMT.
EXPERIMENTAL PROCEDURES
Additional Experimental Procedures can be found in the Supplemental Data.
Cell Culture
Human embryonal kidney (HEK) 293 and 293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, and 250 ng/ml amphotericin B (Invitrogen) and incubated at 5% CO 2 at 37 C.
The human embryonal carcinoma cell line Tera-2 (HTB-106) was purchased from ATCC and grown in modified McCoy's medium (Invitrogen) with 100 units/ml of penicillin G and 100 mg/ml of streptomycin, supplemented with 15% fetal bovine serum and incubated at 5% CO 2 at 37 C. RNA was extracted following the manufacturer's protocol. Glycogen (Invitrogen) was used as a carrier for precipitation. RT, pre-PCR, and the multiplex real-time PCR for miRNA profiling were performed by multiplex real-time PCR method as described previously (Tang et al., 2006) . Briefly multiplex reverse transcription reactions were performed with 466 sets of second strand synthesis primers. Then multiplex pre-PCR reactions were performed with 466 sets of forward primers and universal reverse primers. The multiplex pre-PCR product was diluted and aliquoted into 384 well reaction plates, and the abundance of each miRNA was measured individually by using the 7900HT Fast Real-Time PCR System (Applied Biosystems). Results were normalized by the amount of small nuclear RNA expression, C/D box 96A, and C/D box84. The difference of miRNA expression between two populations was calculated such as DCt = normalized Ct (nontumorigenic cancer cells) À normalized Ct (BCSCs). The Ct value was set at 40 for DCt calculation when expression of miRNA was undetectable.
Multiplex Real-time PCR Assay

Breast Cancer Cell Colony Formation Assay
Mouse MMTV-Wnt1 tumors were digested using 200 U/ml Liberase Blendzyme 2 (Roche) and dissociated as described (Cho et al., 2008) . Cells were stained with anti-CD31, -CD45, and -CD140a antibodies and lineage-positive cells were depleted by flow cytometry. Fifteen thousand cells were infected with 20 multiplicity of infection (moi) of miR-200c-expressing lentiviruses by spin infection for 2 hr followed by incubation at 37 C for 2 hr in DMEM/F12 supplemented with 5% BSA, 2% heat-inactivated FBS, 1:50 B27, 20 ng/ml EGF, 20 ng/ml bFGF, 10 mg/ml insulin, and 10 mg/ml heparin. For coinfection experiments, 10,000 cells were infected with 10 moi of miR-200c-expressing lentivirus and 20 moi of BMI1-expressing lentivirus. The infected cells were washed twice with the same medium and then the medium was replaced by Epicult medium (Stemcell technologies) with 5% FBS. The infected cells were seeded on the 30,000 irradiated 3T3 feeder cells in the 24-well plate. The medium was replaced again by Epicult medium without serum 24 hr after seeding, and cells were incubated for 7 days at 5% CO 2 at 37 C.
Statistical Analysis
When two groups were compared, the Student's t test was used. 
